Background: In addition to hypertension control, direct renin inhibition has been shown to exert direct beneficial effects on the heart in post-infarction cardiac remodeling. This study elucidates the possible contribution of mitochondria to the anti-hypertrophic effects of the direct renin inhibitor aliskiren in postinfarction heart failure complicated with diabetes in rats. Methods: Diabetes was induced in male SpragueDawley rats by a single injection of streptozotocin (IP, 65 mg/kg body weight). After 7 days, the animals were randomly assigned to 4 groups: sham, heart failure, sham+aliskiren, and heart failure+aliskiren. Postinfarction HF was induced by coronary artery ligation for 4 weeks. Results: showed that heart failure reduced ejection fraction and cardiac output by 41% (P<0.01) and 42% (P<0.05), respectively, compared to sham-operated hearts. Cardiac dysfunction was associated with suppressed state 3 respiration rates and respiratory control index in mitochondria, and increased mitochondrial permeability transition pore (PTP) opening. In addition, heart failure reduced expression of the major mitochondrial sirtuin, SIRT3 and increased acetylation of cyclophilin D, a regulatory component of the PTP. Aliskiren significantly improved cardiac function and abrogated mitochondrial perturbations. Conclusion: Our results demonstrate that aliskiren attenuates post-infarction remodeling which is associated with its beneficial effects on mitochondria.
Introduction
Activation of the renin-angiotensin system (RAS) plays a pivotal role in the pathogenesis of cardiac hypertrophy, remodeling, and heart failure (HF). The endeffector of the RAS is angiotensin II (AngII) which has detrimental effects on cell metabolism through activation of AngII type I receptors (AT1R) [1, 2] . Consequently, RAS blockade at the level of AngII synthesis (angiotensin converting enzyme inhibitors) or blockade at the level of action (AT1R blockers) attenuates ventricular remodeling 842 and improves cardiac function in animal models of myocardial infarction [1, 3, 4] . Tissue levels of AngII can also be reduced by inhibiting the enzymatic activity of renin, which converts angiotensinogen to AngI, the initial and rate-limiting step of the RAS. The newly developed direct renin inhibitor aliskiren demonstrated high antihypertensive activity and prevented ventricular remodeling, hypertrophy, and apoptosis after myocardial infarction in mice [5] . Furthermore, the beneficial effects of aliskiren on cardiac function were independent of blood pressure [5] . The anti-remodeling effect of aliskiren might be due to inhibition of local synthesis and action of AngII in the myocardium. In fact, aliskiren prevented cardiomyocyte apoptosis, oxidative stress, and cardiac fibrosis, which was associated with inhibition of intracellular AngII production in diabetic hearts [6] . However, the molecular and cellular mechanisms underlying the direct positive outcomes of renin inhibition on the heart remain to be elucidated.
The protective effects of aliskiren on cardiac remodeling can be mediated through the prevention of mitochondrial dysfunction. Initially, adaptive remodeling after myocardial infarction seems to be beneficial; however, over time it becomes deleterious, eventually leading to HF. Mitochondrial dysfunction occurs in both the ischemic and the non-ischemic ventricular walls where mitochondria are energetically uncoupled [7, 8] . Heart failure induces impairments in the Krebs cycle and electron transport chain leading to reduced ATP [9] . Mitochondria become a major source of reactive oxygen species (ROS) due to inhibition of complexes I and III leading to accumulation of superoxide anion in failing hearts [10, 11] . In addition, stimulation of AT1R by AngII in cardiac remodeling enhances ROS generation through activation of NADPH oxidase [12, 13] . Oxidative stress accompanied by Ca 2+ -overload, ATP depletion and elevated P i in the failing myocardium can induce formation of the mitochondrial permeability transition pores (PTP) in the mitochondrial inner membrane. Previous studies demonstrated that in vivo renin inhibition by aliskiren attenuates oxidative stress and myocardial remodeling in the transgenic rats with chronically elevated tissue AngII levels [14] . In the present study, we elucidated the possible contribution of mitochondria to anti-remodeling effects of the direct renin inhibitor aliskiren during postinfarction HF in rats. Our results demonstrate that aliskiren suppresses cardiac hypertrophy and improves heart function in post-infarcted HF. The anti-remodeling action of aliskiren is associated with its beneficial effects on mitochondria.
Materials and Methods
Male Sprague-Dawley rats weighing 175-200 g were purchased from Charles River (Wilmington, MA). All experiments were performed according to protocols approved by the University Animal Care and Use Committee and conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Models of experimental diabetes and myocardial infarction
Experimental diabetes was induced by injection of streptozotocin (IP, 65 mg/kg body weight) dissolved in 0.1 M sodium citrate (pH 4.5). Seven days after injection, the animals with blood glucose =15 mM were further used to induce postinfarction remodeling. Animals were randomly assigned to the following four treatment groups: 1) sham surgery (sham); 2) sham surgery with aliskiren (sham+Als); 3) myocardial infarction (HF); or 4) MI with aliskiren (HF+Als). The experimental design is depicted in Fig. 1 . The surgical procedure was performed as previously described [15] . Briefly, rats were anesthetized, intubated, and artificially ventilated with room air. The animal's respiration rate was 65 to 70 breaths per minute and body temperature was maintained at 37 o C. A lateral thoracotomy was performed and the heart was gently exposed. The left main coronary artery was ligated ~3 mm from its origin by using a firmly tied silk suture (7-0) to induce myocardial infarction. For the sham procedure the ligature was placed in an identical fashion but not tied. The animals were then followed for 4 weeks post-surgery. Treatment with aliskiren (50 mg/kg per day, IP) started immediately after surgery and continued during 4 weeks. Aliskiren was generously provided by Novartis Pharma AG (Basel, Switzerland). On the day of the experiment, cardiac function was analyzed by echocardiography, then the rats were sacrificed and their hearts were quickly removed for isolation of mitochondria.
Echocardiography
Echocardiographic measurements were performed by a technician blinded to the treatment groups. Rats were anaesthetized, and the M-mode and 2D echocardiography images were obtained with a high-frequency 8-4 MHz 10-mm broadband phased P10 probe attached to a digital portable ultrasound system Micromaxx (Sonosite Inc.) with advanced image processing capabilities using Sitelink Image Manager (Sonosite Inc.). Diastolic and systolic measurements of left ventricle (LV) dimensions (LVIDd, LVIDs), LV end-systolic and end-diastolic volumes (LVESV, LVEDV), the thickness of the interventricular septum (IVSs, IVSd) and posterior wall (LVPWs, LVPWd), and heart rate (HR) were recorded. Stroke volume (SV), cardiac output (CO), LV fractional shortening (FS %) and ejection fraction (EF%) were calculated as SV = LVEDV-LVESV, CO=(SV*HR)/1000, FS = (LVIDd-LVIDs)/LVIDd x 100% and EF=((LVEDV-LVESV)/ LEDV)*100, respectively.
Isolation of mitochondria
To isolate mitochondria, the ventricles were cut, weighed and homogenized using a Polytron homogenizer in 5 ml of icecold sucrose buffer containing 300 mM sucrose, 10 mM TrisHCl, and 2 mM EGTA; pH 7.4. Mitochondria were isolated from the homogenate by centrifugation for 2 min at 2,000 x g at 4 0 C to remove cell debris, followed by centrifugation of the supernatant at 10,000 x g for 5 min. The pellet was then washed two times at 10,000 x g for 5 min. The final pellet was resuspended in 300 µl of sucrose buffer and used for measurement of mitochondrial respiratory function, PTP opening, protein expression, and citrate synthase activity.
Measurement of the respiration rates in isolated cardiac mitochondria
Measurement of mitochondrial respiration was performed at 30 o C using a YSI Oxygraph (Yellow Springs) model 5300 equipped with a Clark-type oxygen electrode [15] . Mitochondria were suspended in a buffer containing (in mM): 125 KCl, 20 MOPS, 10 Tris, 0.5 EGTA, and 2 KH 2 PO 4 , pH 7.2, supplemented with either of 2.5 mM 2-oxoglutarate and 1 mM L-malate or 2.5 mM succinate and 1 µM rotenone for complex I and complex II, respectively. Respiration rates were measured in the absence (state 2) and presence (state 3) of 1 mM ADP. Additionally, 20 µM cytochrome c was added at state 3 to measure the cytochrome c-induced stimulation of mitochondrial respiration. Citrate synthase activity was assayed by measuring coenzyme A formation at 412 nm [16] .
Measurement of PTP opening in isolated mitochondria
Swelling of de-energized mitochondria as an indicator of PTP opening in the presence or absence of calcium was determined by monitoring the decrease in light scattering at 520 nm. Mitochondria were incubated at 25 o C in 3 ml buffer containing (in mM): 150 KSCN, 20 MOPS, 10 Tris, and 2 nitrilotriacetic acid, supplemented with 0.5 µM rotenone, 0.5 µM antimycin and 2 µM A23187.
SDS-PAGE and Western blotting
Equal amounts of homogenate or mitochondrial protein were resolved by SDS-PAGE. The membranes were immunoblotted with actin, acetylated lysine, voltage dependent anion channel (VDAC), cytochrome c oxidase IV subunit (COXIV), SIRT3 (Cell Signalling), cyclophilin D (CyP-D), adenine nucleotide translocase (ANT), AT1R, AT2R, SIRT4, SIRT5 (Santa Cruz) or glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Sigma-Aldrich) antibodies followed by secondary antibodies.
Co-immunoprecipitation
Acetylated lysine was immunoprecipitated from mitochondrial extracts. The immunoprecipitates were then separated by SDS-PAGE, blotted onto nitrocellulose membranes and the Western blots were developed using antibody against CyP-D or ANT (Santa Cruz) [17] . Immunoprecipitation assays with ANT and CyP-D were performed as controls.
RNA isolation and reverse transcription quantitative polymerase chain reaction (RT-qPCR)
Total RNA was isolated from frozen myocardial samples (80-100 mg) using the Trizol reagent according to the manufacturer instructions (Invitrogen). The reaction was carried out in one-step format using Power SYBR Green PCR Master Mix (Applied Biosystems), and Multiscribe Reverse Transcriptase (Applied Biosystems) in the presence of RNase Inhibitor (Applied Biosystems). The reaction was performed in a Step One Plus (Applied Biosystems) realtime PCR machine. For analysis of atrial natriuretic peptide (ANP), the primers used were: forward (5'-ccg aga cag caa aca tca ga-3') and reverse (5'-tgt tgg aca ccg cac tgt at-3'). Normalization was carried out against ribosomal protein S11 (RPS11), for which expression was detected using QIAGEN QuantiTect Primer Assay (Qiagen). Fold change in expression was calculated using the 2 ΔΔCt method [18] .
Statistical analysis
Data are presented as means±SEM of 10-12 experiments per group. Statistical significance was evaluated using two-way ANOVA, followed by Tukey's multiple comparison post-hoc test or an unpaired 2-tailed Student's t-test. Differences were considered to be statistically significant when P<0.05.
Aliskiren Abrogates Post-infarction Heart Failure in Rats Fig. 1 . Experimental design. Sham surgery or CAL were performed in rats one week after experimental diabetes (blood glucose: >15 mM) had been induced by streptozotocin. Experimental groups: Sham: hearts subjected to sham surgery; HF: hearts subjected to CAL; Sham+Als: hearts subjected to sham surgery and were treated with aliskiren (Als); CAL+Als: hearts subjected to CAL and were treated with Als.
Results

Aliskiren attenuates cardiac hypertrophy induced by post-infarction remodeling
To assess the possible effect of aliskiren on cardiac hypertrophy due to remodeling, myocardial infarction was induced in rats which were treated with aliskiren and compared with untreated rats. Sham procedure and left main coronary artery ligation induced lethality in 7% and 14% of rats, respectively. In addition, no significant difference in survival rates was seen between aliskirentreated and untreated animals. Noteworthy, animals in all groups had no significant changes in blood glucose levels at 4 weeks after surgery compared to pre-surgery values ( Fig. 2A) . Furthermore, post-infarction remodeling with or without aliskiren treatment had no effect on glucose levels in diabetic rats. The heart weight-to-body weight ratio (HW/BW) was significantly increased in HF group compared to sham-operated animals. However, there was no difference in HW/BW values between the sham and HF groups treated with aliskiren during 4 weeks indicating that aliskiren could be involved in attenuation of cardiac hypertrophy induced by myocardial infarction (Fig. 2B) . In addition, post-infarction remodeling increased expression of the hypertrophy gene marker, ANP, in the heart 3.4 times (P<0.05) compared to sham-operated rats.
Parodi-Rullan/Barreto-Torres/Ruiz/Casasnovas/Javadov However, aliskiren-treated hearts contained reduced levels of ANP mRNA confirming the anti-hypertrophic effect of the direct renin inhibitor on the heart (Fig. 2C) . Analysis of the expression of AT1R and AT2R in heart homogenates revealed that post-infarction remodeling slightly increased AT1R expression (P=N.S.) with no effect on AT2R (Fig. 3A,B ). Interestingly, the AT1R level in post-infarcted hearts treated with aliskiren was reduced by 25% (P<0.05) compared to the untreated hearts (Fig. 3A) . In addition, we examined whether mitochondria contain AngII receptors. Protein expression of AT1R and AT2R was determined in Percoll-purified mitochondria isolated from healthy (untreated) rats. As shown in Fig. 3C , western blot analysis demonstrated that both receptors are present in mitochondria. Notably, the expression of AT2R is much higher than AT1R.
Aliskiren treatment improves cardiac function in post-infarction heart failure
In the next set of experiments, we examined whether aliskiren improves cardiac function in post-infarction HF. It is important to note that the purpose of our study was to investigate if acute diabetes can compromise the antiremodeling effects of aliskiren. Indeed, rats with an acute (7 days) model of diabetes do not develop all characteristics of diabetes except hyperglycemia. Accordingly, cardiac function of sham-operated diabetic rats exhibit normal cardiac function (ejection fraction: 78%, cardiac output: 128 µl/min). Cardiac remodeling at 4 weeks was associated with significant impairment of heart contractility. The hearts with post-infarction HF exhibited significantly less EF (41%, P<0.01), CO (42%, P<0.05) and LVDFS (52%, P<0.01) compared to shamoperated hearts. Furthermore, HF reduced LVDs and increased LVESV at 4 weeks after ligation. However, post-infarction HF rats treated with aliskiren demonstrated improved cardiac function compared to the untreated HF group. As shown in Fig. 4 , EF in rats treated with aliskiren (HF+Als) was 43% (P<0.05) higher than that in HF group. The EF recovery was associated with improved values of SV, LVDFS, LVDs and LVESV. Noteworthy, aliskiren had no effect on cardiac function in sham-operated rats.
Thus, these data demonstrate that aliskiren abrogates cardiac dysfunction in the failing heart induced by myocardial infarction.
Aliskiren improves respiratory function of mitochondria
Respiration rates of mitochondria were measured using the substrates for complexes I and II of the electron transport chain. Respiration of mitochondria with complex II substrates was not affected by HF. However, the maximal ADP-stimulated respiration rate (state 3) with substrates for complex I was 27% (P<0.05) less in HF compared to sham-operated rats (Fig. 5A) . The respiratory control index (RCI), which indicates the efficiency of respiratory coupling decreased by 38% (P<0.05) in the HF group (Fig. 5B) . To further establish Aliskiren Abrogates Post-infarction Heart Failure in Rats whether the integrity of the outer mitochondrial membrane is affected by HF, we measured the state 3 respiration rate driven by complex I substrates in the presence of exogenous cytochrome c when added directly to mitochondria in the oxygraph chamber. Cytochrome c stimulated state 3 in mitochondria isolated from failing hearts by 71% (P<0.01 vs sham group) (Fig. 5C) . The low mitochondrial respiration rate and high cytochrome c-induced stimulation of state 3 were associated with reduced activity of citrate synthase, a mitochondrial marker enzyme, in ligated hearts. These experiments confirm that the structural integrity of mitochondria was affected by HF (Fig. 5D) . Release of cytochrome c due to damage to the outer mitochondrial membrane could result in dysfunction of cytochrome c oxidase and decrease mitochondrial respiration at complex IV. The state 3 respiration rate with complex I substrates as well as RCI of the complex in aliskiren-treated hearts (HF+Als group) were significantly higher than in the HF group (Fig. 5A,B) . Aliskiren-treated hearts demonstrated less stimulation of state 3 by exogenous cytochrome c than HF animals, indicating a preserved structural integrity of mitochondria (Fig. 5C ). Altogether, these findings suggest that treatment with aliskiren attenuates mitochondrial dysfunction in post-infarcted hearts.
Mitochondria isolated from aliskiren-treated hearts demonstrate less PTP opening.
The extent of mitochondrial PTP opening was measured in two sets of experiments on the basis of Ca 2+ -induced swelling, measured as light scattering. Sanglifehrin A, a strong inhibitor of PTP opening, was used as a positive control in these experiments. In the first set, PTP opening was assessed in mitochondria isolated from sham and HF hearts treated or untreated with aliskiren. Results for this first set demonstrated that mitochondria isolated from the hearts with HF are more susceptible to Ca 2+ -induced swelling due to increased PTP formation (Fig. 6) . However, aliskiren-treated hearts revealed less rate of mitochondrial swelling and hence, less PTP opening than untreated post-infarcted hearts. In the second set, we evaluated the possible direct effect of aliskiren on Ca 2+ -induced swelling. Aliskiren added to mitochondrial suspensions isolated from the untreated postinfarcted hearts failed to have a direct inhibitory effect on Ca 2+ -induced PTP opening (Fig. 6) . These studies provide strong evidence indicating that aliskiren-treated post-infarcted hearts are more resistant to PTP opening although the effect of the drug on PTP components is apparently indirect.
Aliskiren enhances SIRT3 expression and protein acetylation in the heart
The results shown in the previous sections provide evidence that the anti-remodeling effect of aliskiren may be mediated through mitochondria by inhibition of PTP formation. CyP-D is known as an essential regulator of PTP formation, and recent studies have shown that CyP-D activity can be regulated by mitochondrial sirtuins through its acetylation/deacetylation [19, 20] . Sirtuins are characterized as class III histone deacetylases and depend Parodi-Rullan/Barreto-Torres/Ruiz/Casasnovas/Javadov on NAD + for their activity; the deacetylase activity of sirtuins is elevated by increased NAD + levels and reduced by high nicotinamide and/or NADH levels [21] . Of the seven isoforms of sirtuins, only SIRT3, SIRT4, and SIRT5 are localized in mitochondria. They have been shown to regulate energy metabolism through acetylation/ deacetylation of proteins involved in the electron transport chain and oxidative phosphorylation. Among these mitochondrial sirtuins, SIRT3 exhibits the highest deacetylase activity [22] . We evaluated the levels of protein acetylation in HF and the effect of aliskiren in this regulatory event. Results demonstrated that HF increases acetylation of mitochondrial proteins in postinfarcted hearts (Fig. 7A) . SIRT3-mediated cell survival under physiological conditions may include deacetylation of CyP-D leading to prevention of PTP formation. Accordingly, hyperacetylation of CyP-D due to downregulation of SIRT3 can instigate PTP formation and mitochondria-mediated cell death. The observed increase of protein acetylation was associated with the reduction of SIRT3 expression with no remarkable changes in SIRT4 and SIRT5 protein levels (Fig. 7B) . However, treatment with aliskiren restored the SIRT3 level in the failing hearts (Fig. 7C) . Furthermore, results of immunoprecipitation demonstrated that HF increased the acetylated CyP-D level in mitochondria which was attenuated by treatment with aliskiren. Thus, these data Aliskiren Abrogates Post-infarction Heart Failure in Rats 
Discussion
The present study examines whether antihypertrophic effects of the direct renin inhibitor aliskiren are associated with mitochondria in post-infarcted rat hearts with acute diabetes. Our results demonstrated that: i) aliskiren diminishes hypertrophy and improves cardiac function with no effect on blood glucose in post-myocardial infarction diabetic rats, ii) the anti-remodeling effect of aliskiren is associated with improved respiratory function of mitochondria, and iii) the effect of aliskiren on mitochondria is mediated, at least in part, through inhibition of PTP opening possibly due to mitochondrial SIRT3-induced CyP-D deacetylation.
Recent studies provide strong evidence on the pleiotropic effects of RAS inhibitors on diabetes and cardiovascular disease beyond blood pressure control [2, 23, 24] . The beneficial effects of aliskiren to improve mitochondrial function in the post-infarcted heart could be mediated through its direct and/or indirect effects on the organelles. Analysis of mitochondrial respiratory function revealed efficient protection of aliskiren against mitochondrial remodeling induced by post-infarction HF. Our in vitro experiments revealed no changes in Ca 2+ -induced swelling in mitochondria when aliskiren was directly added to the mitochondrial suspension (Fig. 6) . These results provide strong evidence in favor of an indirect action of aliskiren on PTP formation. Aliskiren could prevent "mitochondrial remodeling" at least through two different mechanisms including AngII-dependent and/ or AngII-independent pathways. Inhibition of renin activity by aliskiren diminishes AngI production which is the first and rate-limiting process of the RAS. As a result, reduced levels of AngII could attenuate the hypertrophic response of the heart to myocardial infarction. We found that aliskiren reduced the expression of AT1R in post-infarcted hearts (Fig. 3) . Pro-hypertrophic signals of AngII are mediated via these receptors, whose overexpression induces cardiac hypertrophy and remodeling [25] . Accordingly, downregulation of the receptor by aliskiren could reduce autocrine/paracrine effects of AngII and prevent cardiac remodeling resulting from myocardial infarction. Moreover, since components of the intracellular RAS system have been found in the heart [26, 27] , and aliskiren could also inhibit local production of AngII, and its intracellular effect in the failing heart. Intracellular synthesis of renin was shown in cardiomyocytes [6, 28] , although other studies were unable to confirm existence of the intracellular renin [29] . Previous studies demonstrated that aliskiren reduced intracellular levels of AngII and renin in cardiomyocytes isolated from diabetic rats, further suggesting a role for an intracrine mechanism of AngII in hyperglycemic conditions [6] . The AngII-independent effect of aliskiren could be mediated through the prorenin/renin receptor. Cardiomyocytes have been previously shown to contain a functional prorenin/ renin receptor stimulation of which can increase the efficiency of angiotensinogen cleavage by membranebound renin [30] . Binding of renin to the prorenin/renin receptor activated ERK1/2 and p38 MAPKs and upregulated profibrotic genes independent of AngII generation [31] . Aliskiren could be involved in inhibition of the rennin receptor internalization and, as a consequence, prevent AngII-independent signaling pathway and its deleterious consequences. Most recent studies demonstrated that in combination with the inhibitor of angiotensin converting enzyme or AngII receptor blocker, aliskiren exerted additional synergistic protective effects against ventricular remodeling following myocardial infarction in rodents [32, 33] although clinical trials demonstrated no additional benefit of RAS blockade with aliskiren in post-infarcted patients [34] . The beneficial effects of combined therapy could indicate existence of AngII-independent pathways through which aliskiren would affect cell metabolism.
It is not clear how AngII-dependent and AngIIindependent beneficial effects of aliskiren could converge on mitochondria. Aliskiren has been previously shown to reduce the number of smaller mitochondria and their structural abnormalities in the heart of transgenic rats with chronically elevated tissue AngII levels, although function of mitochondria was not determined in these studies [14] . The intracellular mechanisms of the effects of aliskiren on mitochondria may include abrogation of AngII-induced ROS generation and Ca 2+ -overload that together with ATP depletion compromise mitochondrial function and induce PTP opening. Consistent with this hypothesis, the present study revealed improved mitochondrial respiration (state 3) and reduced extent of PTP opening in aliskiren-treated hearts following myocardial infarction. Aliskiren reduced cytochrome c release from mitochondria to the cytoplasm in failing hearts (Fig. 5) indicating that the drug preserves the integrity of the outer mitochondrial membrane. Attenuation in the release of cytochrome c and other proapoptotic proteins from the intermembrane space may prevent mitochondria-mediated apoptosis. Furthermore, preservation of cytochrome c could enhance the cytochrome c oxidase activity and improve respiration at complex IV. Inhibition of PTP opening would attenuate depolarization and matrix swelling of mitochondria ultimately preventing mitochondria-mediated cell death. The inhibitory effect of aliskiren on the mitochondrial PTP can be mediated through prevention of SIRT3, the main mitochondrial sirtuin isoform, in the failing heart. SIRT3 plays a central role in FAO and ATP synthesis in cells [35, 36] , and its decreased expression is associated with aging, and neurodegenerative and metabolic diseases. We found that cardiac remodeling following myocardial infarction for 4 weeks markedly reduced expression of SIRT3 with no effect on SIRT4 and SIRT5 expression. However, mitochondria isolated from aliskiren-treated post-infarcted hearts exhibited preserved SIRT3 expression compared to untreated rats (Fig. 7) . Recent studies provide strong evidence that CyP-D, the main regulatory protein of the PTP complex, can be acetylated. SIRT3-mediated cell survival under physiological conditions may include deacetylation of CyP-D leading to prevention of PTP formation. Accordingly, hyperacetylation of CyP-D due to downregulation of SIRT3 can instigate PTP formation and mitochondriamediated cell death. CyP-D acetylation facilitates its interaction with adenine nucleotide translocase (ANT) thereby inducing PTP formation in the inner mitochondrial membrane [19, 20] . Our data are consistent with this hypothesis showing that under normal conditions, SIRT3 targets CyP-D maintaining it in a deacetylated state (Fig.  8) . However, in the failing heart SIRT3 is downregulated, promoting PTP opening. In aliskiren-treated hearts, PTP formation was prevented by preservation of SIRT3 keeping CyP-D deacatylated. These findings suggest that the reduction of cardiac hypertrophy could be secondary to the abrogation of mitochondrial dysfunction induced by the SIRT3/CyP-D/PTP pathway. Similar observations have been reported previously for the heart with hemodynamic overload [37] . Anti-hypertrophic effects of SIRT3 can be mediated through deacetylation and nuclear translocation of FoxO3, where it promotes transcription of anti-oxidant enzymes [38] .
In summary, the present study demonstrates the direct renin inhibitor aliskiren exerts anti-remodeling effects in HF resulting from myocardial infarction in rats, and the effects are mediated, at least in part, through improvement in mitochondrial function. The beneficial effects of aliskiren on mitochondria may include, among others, attenuation of CyP-D acetylation due to preservation of mitochondrial SIRT3 in post-infarcted hearts. Furthermore, the present study does not exclude the possible effect of aliskiren on mitochondria through AngII receptors present in mitochondria. Purified mitochondria isolated from healthy rat hearts revealed expression of AT1R and AT2R in mitochondria (Fig.3C) . These data coincide with the recent study demonstrating expression of mitochondrial AT1R and AT2R in kidney [39] . Further studies are required to clarify the role of the intracellular RAS in mediating both AngII-dependent and AngII-independent effects of aliskiren to reduce cardiac remodeling.
